Discoveries at Particle Colliders

The Tevatron at Fermilab

WAAAS Jacobo Konigsberg, U. of Florida - Chicago, Feb-2009
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The things we dare ask

And how we dare answer them...



A few “simple” questions

How does Nature behave at its most
fundamental level %

What are the elementary building blocks of
all matter ©

How do they interact with each other

How is this connected to the evolution of the
Universe ¢

Can all this be described simply



Some remarkable answers

2500 years



Some remarkable answers

ELEMENTARY
PARTICLES

II HI

dy 'cc( of Mat

7 5ooyears anti-particles too !



Some remarkable answers

Discovered in:

® Radioactivity

® Cosmic Rays
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Feynman diagrams
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Feynman diagrams

The particle drawmgs are simple artistic representations



But this is how they really look like
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In perspective

electron
<10"%cm

proton
(neutron)

e nucleus
Lt ~10-2cm >
atom~10 "cm -~ 10-em

All matter is made of two
types of quarks [up & down] and electrons
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The SM Equations
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

tt tit t
FERMIONS (in-172 312 502, ...

p_ electron
€ neutrino

€ electron [0.000511

p, don <0.0002 C charm
M neutrino

M muon 0.106 S strange
p_tau <0.02

T neutrino

T tau 1.7771 b bottom

Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the
quantum unit of angular momentum, where h = h/2r = 6.58x10725 GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~'? coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc?), where 1 GeV = 102 eV = 1.60x107'° joule. The mass of the proton is 0.938 GeV/c?2
=1.67x10727 kg.

p

proton | U ud

anti- aad

proton

neutron| Udd

lambda | UdS
SSS

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., Z% v, and n_ = ¢c, but not
K9 = ds) are their own antiparticles.

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

. .
BOSONS in-o0.1.2...

Structure within
the Atom

Quark

Size <107 19m

Electron
Size < 1078 m

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible

Nucleus
Size = 1074 m

& types of color charge for gluons. Just as electri-
Neutron cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
and ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.
Proton
Size ~ 10-15m Quarks Confined in Mesons and Baryons
Atom One cannot isolate quarks and gluons; they are confined in color-neutral particles called
Size=~10"10m hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
If the protons and neutrons in this picture were 10 cm across, gy in the color-force field between them increases. This energy eventually is converted into addi-
then the quarks and electrons would be less than 0.1 mm in tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into

ize and the entire at Id be about 10 ki 4 : .
R e entire atom Wouldibe abou M Ao hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in

nature: mesons qq and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

“ Quarks, Leptons Electrically charged Quarks, Gluons m
Graviton + =

Wt w-20 |  y | Gmons | Mesoms
104 0.8 25 Not applicable

10-41 60 to quarks

Not applicable

-36
10 to hadrons

20

The Particle Adventure

/ gluons

hadrons \
N ZO

Lawrence Be

Stanford Linea
American Ph
BURLE nD

Two protons colliding at high energy can ©2000
An electron and positron produce various hadrons plus very high mass tion of teachers, physicist

Pn-profit organiza-
S 50-308, Lawrence

A neutron decays to a proton, an electron, (antielectron) colliding at high energy can 0 particles such as Z bosons. Events such as this Berkeley National Laboratc Ormation on charts, text

and an antineutrino via a virtual (mediating) annihilate to produce B® and BY mesons one are rare but can yield vital clues to the materials, hands-on classroo
W boson. This is neutron B decay. via a virtual Z boson or a virtual photon. structure of matter.




Some recognition

The Standard Model:

O About 25 Nobel Prizes given to Particle Physics in
the last 100 yrs

O Quarks, leptons, antimatter, force carriers,
symmetries, detectors, accelerators and theory




A puzzle: particle masses

Mass (giga-electron-volts]
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Z
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[]
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o orders of magnitude span for quarks
Top quark as heavy as a gold atom
Neutrinos nearly massless

Force carriers have either zero or
very larger masses
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Mass (giga-electron-volts]

A puzzle: particle masses
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First Second Third |
0’ Generation Generation Generation | | |
Top quark Higgs
Z
o o
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10
Electron
10°¢
SN 7 7 L MASSLESS
10-10 BOSONS
Muon=-
neutrino Tau=- Photon
10"t  Electron- neutrino
neutrino Gluon
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“The Higgs”:

A new particle/field that generates
mass - last SM particle still to be found




Cosmic Connections

-

“We are decoding the Universe’s most ancient language”



History of the LJniverse

Inflation

Ke)’: W, Z bosons NS\, photon

g quark @ meson * star

g gluon @..bar)’on ?

€ electron

“ ion -
Mhuon t tau N black
N neutrino atom
hole

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF
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Other puzzles

“Dark Matter and
Dark Energy”
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Other puzzles

“Dark Matter and
Dark Energy”

Physics [particles] beyond
the Standard Model !



Many [Important | new questions

Why & generations of particles %
Why the [huge] difference in particle masses ?
Are all the forces one %

Where is all the anti-matter ¢

How does grayvity fit in ¢

What are dark matter and dark energy



Theorists at work

[hesitate to say “to the rescue” just yet]

Q@ Strings

Q Supersymmetry

Q Extended gauge theories

Q@ Multi-Higgs, vitte miggs, Higgs-less
@ Technicolor, topcolor

Q@ Compositeness

Q Extra dimensions

Q Hidden Valleys

Q..

& All of which predict new particles to be discovered

& None of which may be true




Ex: SuperSymmetry

@ Double the fun !

Standard particles SUSY particles
i Higgsino
- Quarks ‘ Leptons ’ Force particles Squarks Q Sleptons O SUSY force

particles



Adventures in collider-land
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Colliders are
discovery machines !



cource Colliders are
F . .
@ discovery machines !

normal vision

v

4 Detector



Colliders are
discovery machines !

source
o} F

normal vision

Detector

/

Collider vision

particles behaves hike -waves

le— A —>|
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Particle Accelerators

A simple idea:

* Accelerate charged
particles in an electric
field

* Keep them in orbit
using magnets

* Collide them against
each other

. protons

BB Particle bender (magnet)

Particle pusher (RF cavity)



Particle Accelerators

A. Sl]mp].e ldeaﬁ - R | — enepgy gained by
| one electron in a
1-Volt electrostatic
%k
Accelerate charged | | . | } botential

particles in an electric |
field

* Keep them in orbit

using magnets i
* Collide them against A - AN
each other " ' L -
It’s not that simple
to get to

Tera-electronVolts

Particle bender (magnet)

Particle pusher (RF cavity)



At the collision point

Discoveries !

More energy ==> produce more massive particles

More energy ==>look more closely [small F] ]



Transition probability

Depends on all the laws
of particle physics

‘quantum dice”

Detectors



At the collision point Final

~ b

W

Vl,q
<
,xB

1',q'

k-
V.0

Detectors




The “E”volution of particle accelerators

10 —
—+ Accelerators
S~ . 1 | —@— electron -LHC
> 10 PR - + lld(ilull — O
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| 1 Tevatron ‘4
> 1
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D 10° at e
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ad T
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+ 10 ISR
- -+
0) 1
= T SPEAR O b quark
~=
oy e
~
m R
(e . / o cquark
8 10 -+ Prin-Stan
T o s quark
-1
10 —t— —f— —t— —t— —t—
1960 1970 1980 1990 2000 2010
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Fermilab’s Tevatron

Proton-antiproton collider

Ecm = 1.96 TeV

« 1 km diameter

e 36 X 46 bunches

« 280 Billion protons/bunch
« 80 Billion anti-p/bunch

« & million collisions/sec

Two multi-purpose particle
detectors: CDF and D®

First collisions on October
13, 1985 - at CDF

Several big upgrades and
continuous improvements

1992-1996 “Run I”
2001 ==> 2010? “Run II”




@@@ s o G’@@ Hadron Colliders

protons are 3-quark baryons + X

hadrons = composite particles:
- mesons = made of a quark and an antiquark
- baryons = made of 3 quarks

We can make a lot of stuff at the Tevatron

—

| Te_v_a,t.rgn ‘F

e IT_:Ti'¢ |




How many can we find of each?

Nobserved .

topevents

o(pp>tt)-L-¢€

¢ = BR- Acceptance - Efficiencies

Detectors &
Experimental Analysis

o(pp—1t)~ "cross-section" ~ probability
Physics Units: 1 barn = 1024 cm? Vv

size of dataset

Integrated luminosit .
e iR “inverse femtobarns”

Accelerator units = fb

Units = 1032 cm =gt

L — J’L . d l’ 0[3 = instantaneous luminosity [beam intensity]



The Tevatron: A Luminosity Story _/,
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The Tevatron: A Luminosity Story _/,

~9 orders
of magnitude!

¢ Discoveries
¢ Increase precision
¢ Test for New Physics

¢ Reach “Higgs depth”

10724

Jotg Heg, W 2 W, 2 Wy &

y Fla Vor

process




The Tevatron: A Luminosity Story _/,

~9 orders Y B zz
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Until when %

Luminosity projection curves for Run ||

10

today

results
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evatron Stories

Discoveries

O New elementary particles
O New and rare SM processes
O New composite particles

O Observation of subtle
behavior

Precision measurements of
particle properties

Cornering the unknown




http://www.fnal.gov/pub/presspass/press_releases

Phgsicists Discover Top Quark (1995)

CDF Results Raise Questions on Quark Structure (1 996)
Collider Run Il Begins at Fermilab (2001)
Fermilab Results Change Higgs Mass Estimate (2004)

What HaPPenecl to the Antimatter? Fermilab's DZero Experiment Finds
Clues in Quic\c—(:hange Meson (2006)

Fermilab's CDF scientists make it official: Theg have discovered the
c]uick—-change behavior of the B-sub-s meson, which switches between

matter and antimatter % trillion times a second. (2006)

E‘xperimenters at Fermilab discover exotic relatives of Protons and
neutrons (2006)


http://www.fnal.gov/pub/presspass/press_releases/1996.html
http://www.fnal.gov/pub/presspass/press_releases/1996.html

http://www.fnal.gov/pub/presspass/press_releases/

DZero finds evidence of rare single toP quark; Observation marks a steP

closer to ﬁ'ncling Higgs boson (2006)

EDE Precision measurement of W-boson mass suggests a |ighter Higgs

Particle

Tevatron collider gielcls new results on subatomic matter, forces (2007)
Fermilab Phgsicists discover "triP|e~scooP" baryon (2007)
Back-to-Back B Baryons in Batavia (2007)

Prelude to the Higgs: A work for two bosons in the |<69 of Z (2008)

Fermilab Phgsicists discover "c!oublg strange” Particle (2008)


http://www.fnal.gov/pub/presspass/press_releases/1996.html
http://www.fnal.gov/pub/presspass/press_releases/1996.html
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An afternoon symposium in celebration of the 10th anniversary of the
discovery of the Top Quark at Fermilab by the CDF and DO collaborations.
A reception in the Wilzson Hall atrium will follow the symposium.

Details at MMMW
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CDF-I di-l 167.4+10.3+4.9
_ @
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‘ @
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. _—.__
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. _ o
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. A -9
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. , -
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‘ @
CDF-I all-j 186.0+10.0+ 5.7
. _ ——
CDF-Il all-j 176.9+ 26+ 3.3
) @
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Cross Section (picobarn)

10°

10*

10°

Recent Tevatron discoveries of rare

Standard Model processes
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Recent Observation of new heavy baryons
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Discovery of incredibly subtle
oscillations between matter and anti-matter

O O . .
B — B mixing
L=1.0fb"
L15F
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Oscillation frequency (trillion Hertz)




The Higgs Hunt

The SM Higgs particle [if it exists] is being produced NOW
at the Tevatron ! - we have enough energy

Just not that often & it’s buried in “backgrounds”
It’s a story of luminosity, passion, persistence and luck
Still, we know how to look for it - an we are closing in !

B see the next presentation...




Cornering Supersymmetry
And many other theories for physics beyond the Standard Model
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Discovery Watch

Several results show
discrepancies with the SM P Run il Preliminay
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Several results show
discrepancies with the SIM P Run I Preliminary
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Are these just statistical
fluctuations or the beginning
of a beautiful friendship l’g




Unusual single events

Unique tri-muon + Missing Energy + jet event



Fermilab Result of the Week

http://www.fnal.gov/pub/today/resultoftheweek/index.html

Every thursday for the last 5
years describing a new
experimental result from the
Tevatron !

Every week we decipher a
little bit more of the
primordial language of
nature

relative proportions

[ ] Observations
B Evidences
B Masses
B Cross-sections
1 Propetties
I Searches



http://www.fnal.gov/pub/today/resultoftheweek/index.html
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Nearly 100 journal publications last year alone

About 60 Ph.D’s / year over the last few years

About 3,500 physicists have participated on
the CDF & Dzero experiments



And we keep on going...
r‘JSun Jan 4 23:58:38 Shift Summary: ‘

Another very smooth data taking. Nothing really
happened except we quietly sat here for 8 hours
watching luminosity to accumulate on disk. ;l;

Run 271104 running for 20.5 hours and is still
running. We have so far recorded 8 pb-1 of good
data, which is a new record of integrated lum
for a single run.

Since we lost the large pbar stash earlier in
the evening, the store 6704 will be kept "until
further notice" from the RC.

Current luminosity is 56E30. We probably have
a chance to update Silicon D-mode calibration

soon.

End of Shift Numbers

CDF Runlll

Runs 271104
Delivered Luminosity 1974.28 nb-1
Acquired Luminosity 1875.35 nb-1
Efficiency 95.0%

- mako

‘N + A




Ssummary and Future

The Tevatron program has been
remarkably successftul

O A Legacy of discoveries and

extraordinary results
3
So far only 1 to 3 fb! of data /.W“
analyzed ‘

o 1, ® @ @0
G VIOLAT@N & _

O This could increase by factors MATIES L vt BOrun

of 3 to 9 with data from D °  daimds - 4
running through 010 Y

Wz
0P QUARK  PRODUCTION

Exciting potential for future wisd | s 0 @
Tevatron discoveries

O We also look forward to

studying the data from the
LHC and the marvels that

it’ll reveal - see next talks



"What is a thing? The question is
very old. What remains new is that
it must always be asked”

- Martin Heidegger, What is a thing?
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Some Links

* http://www.symmetrymagazine.org
» http://www.interactions.org
» http://particleadventure.org

» http://www.fnal.gov

» http://www.fnal.gov/pub/inquiring/matter/
ww_discoveries/index.html

» history.fnal.gov

» http://history.fnal.gov/GoldenBooks/
goldenbooks.html

» http://www.fnal.gov/pub/inquiring/timeline/
index.html

* http://www.science.doe.gov/hep/benefits/
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Parton Density Function of proton [Q“=(10 GeV)
CTEQGL

Parton-parton collisions:

CM energy is smaller than
proton-antiproton CM enersgy

More luminosity buys you
more chances of collision at
the highest-energies

Distributions change with
hadron’s energy...

X = fraction of proton
momentum taken by the
partons

0.1

10 10" 10



Collider Beam Luminosity

The [instantaneous] luminosity formula:

N, =protons/bunch (~3-10"")
N = anti - protons/bunch (~ 410" )

B =number of bunches 1n ring (36)
€& = beam emittances

[ = magnet focusing at interaction point
fo =~ 2 MHz (396 n sec bunch spacing)

0°~3-10"" cm” (~100 u beam diameter)

-

L :NpXZVbXBXfO
4no’

Units: # particles/cm?s-1

Run 2 goal:

L~ 3x1032 cm2s-!

Total Lum: [, — JL >xdt Run 2 goal: 4-8 b

Units: 1 barn = 1024 cm?




Fermilab’s accelerators

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

TARGET HALL

N / ANTIPROTON

PROTON

NEUTRINO

Q

Cockroft Walton: adds e- to H and
accelerates H- ions to 750 KeV

Linac: H ions get accelerated to 400 MeV
and stripped of their electrons by passing
through C foils, leaving protons.

Booster: accelerates protons to 8 GeV

Main Injector: accelerates protons to 150
GeV

Tevatron; protons to ~1 TeV

@ Recycler: stores anti-protons



Particle Detection and Identification
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Cross sections vs energy

1 mb
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G (proton - proton)
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103

Events/ sec for £ = 10* cm? sec™

14 TeV

Couple of hundred
times more top !

Even more
Higgs !




Cross sections vs energy sy
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Where we'll play soon
and for a long while
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- ViV
CPV phase Sin (2Bs) ., '
b ,0) > (10)
HFAG VLV B,
CDF 1.35fb ' + D@ 28"
— ————— _
T B, —=J/yo
B 04l 95%CL P
(> L seTeot S First combination of CDF and D@ resulits
<4 *5/.“’*/ | without assumptions on strong phases:
00 pfrmmrmmmr e e compatible at 2.2 standard deviations
02! RN | level with SM (p-value 0.031)
: p-value = 0.031 \ / /
04l 2.2c from SM \//
D8 L CDF Run Il Preliminary L =28 o'
aJ /e -~ SM prediction ;
G, "7 rad] 0.6 — 9% cClL
"0 - — 68%C.L.
£ 0.4
. - i
CDF: updated result with 2.8 fb < .o
Inconsistency with SM increased 0 O:
(p-value from 0.15 to 0.08, corresponding to e’
1.8 standard deviations) -0.2f
_ -0.4f
More data to come, look also in other -
-0.6[

channels (asymmetry in semileptonic
decays)




U.S. Experimental Journal Publications

‘Experimental HEP Publications 1990-2008
B BNL
B SLAC

CESR

250 M FNAL Collider
W FNAL Fixed Target

200 |

1501

100~

50

0
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year

Tevatron publication at ~100/year !

2008
7% Target
SLAC 8%
28%
FNAL
Collider

CLEO 44%
12%

All Years FNAL
BNL Fixed

Target
0,
28 22%

SLAC
21%

HLso FNAL
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L Collider
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New accelerators to study the New Physics

p
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@® neutrinos
Neutrinos are ~0.1—-1.5% ® dark matter
Rest of ordinary matter @ dark energy

(electrons, protons & neutrons) are 4.4%

Dark Matter 23%
Dark Energy 73% /
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Energy Budget
of the Universe

@ stars
Stars and galaxies are only ~0.5% ® barvon

@® neutrinos
Neutrinos are ~0.1—-1.5% ® dark matter
Rest of ordinary matter @ dark energy

(electrons, protons & neutrons) are 4.4%

Dark Matter 23%
Dark Energy 73% /
Anti-Matter 0%
Dark Field ~10%2%2?
58



